We aimed to correlate pathologic findings with MTM1 mutation type in a series of molecularly defined XLMTM cases. Clinical data from 15 XLMTM patients and their corresponding 16 muscle biopsies were studied. All patients were infants (range: 6 to 217 days old) when initially biopsied. The proportion of myofibers with central nuclei did not correlate with clinical outcome, however, morphometric studies showed that survivors had larger myofiber diameters in infancy than those who died (10.4±3.9 μm versus 8.9±3 μm; p<0.001). As a corollary, patients with MTM1 missense mutations had larger myofiber diameters (11.1±4 μm), than those with truncation/deletion mutations (8.6±2.7 μm) (controls 11.7±2.5 μm) (p<0.0001). These data indicate that differences in myofiber size correlate with MTM1 mutation type and patient outcome. Failure to attain and/or maintain myofiber size, along with fiber type perturbations and the misplacement of myofiber nuclei and other organelles, are important components of XLMTM muscle pathology.
INTRODUCTION
X-linked myotubular myopathy (XLMTM) is a severe congenital myopathy that primarily affects males at birth. XLMTM is the best studied of the centronuclear myopathies (CNM) and it is characterized by an increased proportion of hypotrophic myofibers with centrally placed nuclei on muscle biopsy (1) (2) (3) (4) . Patients are born with severe generalized hypotonia and weakness, and respiratory difficulty that typically requires ventilatory support. In the past, it was thought that the majority of XLMTM patients die in infancy due to respiratory insufficiency (4) . Recently, however, it has been recognized that the prognosis may not be so grave, since some patients become independent of the ventilator, and others may only require periodic ventilation such as during sleep. Some patients may even survive to adulthood (5) (6) (7) .
XLMTM is due to mutations of the MTM1 gene, which encodes myotubularin, a phosphatidylinositol phosphatase (8, 9) . Myotubularin is the archetypical member of a family of conserved proteins that characteristically possess a number of sequence motifs including a protein tyrosine phosphatase domain (PTP) and a SET-protein interacting domain (SID) (10, 11) . Truncating mutations are generally associated with severe myopathy and early death (12, 13) , but some patients with distal C-terminal truncations may have a mild clinical course (14) . In contrast, missense mutations are generally associated with a more favorable clinical course, although changes in the PTP or SID motifs can be associated with severe disease (12, (14) (15) (16) . Much of what we know about myofiber pathology in XLMTM is based on reports of single patients or small series that predate the identification of MTM1, and often included autosomal CNMs (3, 5, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Therefore, in this study, we sought to better establish the pathologic changes of XLMTM by examining muscle morphology from XLMTM patients with identified MTM1 mutations.
MATERIALS AND METHODS
Enrollment of XLMTM patients was facilitated by the AHB laboratory web site (www.childrenshospital.org/research/beggs) and by referrals from North American neuromuscular clinics. A total of 19 XLMTM patients were enrolled with informed consent and assigned a unique identification number. MTM1 mutation analysis was performed either by our laboratory or by commercial diagnostic laboratories using DNA sequencing of genomic PCR products. The study genetic counselor (JB) collected clinical information by contacting the patient's neurologist or other referring physician, who completed a questionnaire that included information regarding pregnancy, birth, developmental history, the nature of a patient's disabilities and disease course. Pathology materials were available for study from 15 of the 19 patients and were acquired by the study neuropathologist (CRP) who requested biopsy material from the pathology department that performed the diagnostic services, which included frozen sections stained with hematoxylin and eosin (H&E) and some histochemical stains. Material used in the evaluation of muscle ultrastructure, i.e., electron micrograph prints and/ or grids were available from nine biopsies.
Morphometry was performed on frozen sections by measuring all of the myofibers in consecutive, non-overlapping 400x high-powered fields (hpf) that spanned the largest dimension of the biopsy section on the slide. The smallest dimension passing in a plane through the center of an individual myofiber, in cross section, was recorded (29,30) using a Nikon Optiphot-2 microscope outfitted with Bioquant Nova version 5.50.8MR morphometry software (Bioquant Image Analysis Corp. Nashville, TN). Three histologically unremarkable, H&E stained frozen quadriceps sections, from age-matched patients with no neuromuscular disease were used as controls. The total number of myofibers counted and mean diameter were recorded. Data were plotted as frequency histograms using Microsoft Excel. Centrally nucleated myofibers were counted in consecutive non-overlapping 400x hpfs that spanned the largest dimension across H&E stained sections. Percent myofibers with central nuclei/hpf were represented as box plots using SigmaPlot 4.00 from Systat Software Inc. (Richmond, California). Chi-square test, t-test and correlation analysis were performed using Intercooled STATA 8 from Stata Corporation (College Station, Texas). Statistical significance was defined as p<0.05 in all tests.
RESULTS

MTM1 mutation status and clinical findings
Eight patients had mutations that truncate or internally delete myotubularin (truncation/ deletion group), while seven had missense mutations (Table 1 ). Three patients had the R69C mutation (93-1, 171-1, 169-1) one of these patients was biopsied twice (171-1a and b). The early clinical period was similar with all patients presenting with severe hypotonia and weakness at birth. Ventilation or supplemental oxygen was required at birth in all of the patients except one (171-1), who had a missense mutation. Four patients (92-1, 206-1, 504-2 and 93-1) were born prematurely (<37 gestational weeks) ranging from 30 to 35 gestational weeks. Five of the eight patients with truncation/deletion mutations, died by six years of age (range five weeks to six years) ( Table 1) , three of these patients (92-1, 462-1, 592-1) died by three months of age when supportive care was redirected because of ventilator-dependency. The cause of death for the two other patients included hemorrhage from hepatic peliosis (504-2), a recognized complication of XLMTM (7) , and unexpected death during sleep (113-1) ( Table  1) . Two patients with missense changes died one (798-1) had a mutation that involved the SID motif, and he succumbed to pneumonia at five months of age, while another (205-1) died at 2 years of age of unknown cause ( Table 1) .
The remaining patients are alive with stable disease at ages ranging from 16 months to 23 years (Table 1) . Two survivors with truncating mutations are approximately four years old (447-1, 206-1) and both require 24 hour ventilatory support. Only one patient in the truncation/deletion group achieved independent respiration and he is also the only member of this group to walk (262-1). In contrast, four patients with missense mutations require no ventilatory support or supplemental oxygen (169-1, 171-1, 189-1, 765-1), but another has been ventilator-dependent since birth (93-1). Three patients with missense mutations are ambulatory (171-1, 189-1, 765-1).
Biopsy findings
Myopathology-H&E stained sections from all biopsies showed markedly increased variation in myofiber size with numerous small rounded and scattered larger myofibers harboring central nuclei ( Figure 1A , B, C). Histopathological examination of all biopsies sideby-side revealed that some had smaller myofibers than others, and occasionally, extremely small myofibers were present (compare Figure 1A and B ). Despite the small myofiber size no significant degenerative or regenerative changes were seen ( Figure 1A , B, C). Type 1 predominance was noted in four of seven biopsies; that included one patient from the truncation/deletion group (592-1, 79.1% type 1 fibers) and three with missense mutations (169-1, 62.2% type 1 fibers; 171-1a, 62.2% type 1 fibers; 798-1, 72.2% type 1 fibers). No biopsy showed definite type 2 predominance. Frequency histograms showed small type 1 and type 2 fibers with type 1 fibers being more severely affected (data not shown). Electron microscopy showed some myofibers with redundant basal lamina, suggesting that these small myofibers may be atrophic ( Figure 1D ).
Morphometry-A mean of 639 myofibers (range 268-880) were morphometrically studied in H&E stained sections, from 15 biopsies. Histograms revealed a shift in myofiber size distribution towards smaller values in all patients (Figure 2 A, B ) with a range of myofiber size from 6.1±1.8 to 14.9±3.8 μm, which is in keeping with previous reports (17, 18, 20, 21, (26) (27) (28) . Myofiber size is normally expected to increase with age (31, 32) . However, in these biopsies, regression analysis did not show a correlation between mean fiber size and patient age at biopsy in days (r 2 =0.05; p=0.45). In addition, the patient who was biopsied twice (171-1) showed a decrease in myofiber size, from 14.9±3.8 μm to 12.0±6.1 μm, in the three year interval between biopsies (p<0.0001) ( Figure 2A ). This prompted us to test potential relationships between myofiber size and outcome, and between myofiber size and MTM1 mutation type. One patient (205-1) was biopsied later, at one year of age, and he was excluded. There was no significant difference in age at initial biopsy between the missense (mean 98 days, range 8 days to less than 9 months) and truncation/deletion (mean 47 days, range 6 days to 7 months) groups (p=0.37) or between patients who died (mean 25 days, range 11 days to 51 days) and those who survived (mean 102 days, 6 days to less than 9 months) (p=0.17). The relationships of myofiber size with MTM1 mutation type and outcome were statistically analyzed using biopsies taken from patients who were less than one year of age at the time of biopsy, because we felt that at this time myofiber size would be less influenced by potential age-related degenerative changes.
Despite overlapping distributions, mean myofiber size differed significantly among those who died (8.9±3 μm), those who survived (10.4±3.9 μm) and controls (11.7±2.5 μm; normal 10-12 μm)(F = 566, p < 0.0001) (Table 1) (31, 32) . Patients who died had significantly smaller fibers than survivors (mean difference = 1.5μm, p<0.001) or controls (mean difference = 2.8 μm, p<0.001) and survivors had smaller fibers than controls (mean difference = 1.3 μm, p<0.001). Mean fiber size was 11.1±4 μm in patients with missense mutations and 8.6±2.7 μm in the truncation/deletion mutation group (F = 1024, p < 0.0001) (Table 1) (31, 32) . Bonferroni test showed that patients with truncation/deletion mutations had significantly smaller fibers than those with missense mutations (mean difference = 2.5 μm, p<0.001) and controls (mean difference = 3.2μm, p<0.001). In contrast, the difference in mean myofiber size between the missense mutation and control groups was small (mean difference = 0.7μm, p<0.001).
Although these intergroup differences in fiber size were statistically significant, mean myofiber size did not always correlate with outcome on a case-by-case basis. For example, patient 189-1 who is now an ambulatory, ventilator-independent adult had a mean myofiber diameter of only 8.7 μm, while patient 92-1 who had myofibers of similar size, died in infancy. However, the three patients with R69C mutations showed some variability in their clinical courses, the severity of which, correlated with myofiber size. Patient 171-1, who had the largest mean myofiber size of the R69C patients (14.9±3.8 μm), started walking at 2.5 years, and has breathed independently since birth. In contrast, patient 93-1 had the smallest mean myofiber size (9.9 ±2.6 μm) and he has required 24 hour ventilatory support since birth, and is non-ambulatory, although he is only 16 months old. Patient 169-1 who had an intermediate mean myofiber size (10.5±2.8μm) has an intermediate clinical course; he breathes independently since the first week of life, but has never walked.
Central Nuclei-Myofibers with central nuclei were counted in a mean of 11 hpf/biopsy (range 7-16 hpf/biopsy). The mean percent of central nuclei/hpf was elevated in all of the biopsies (range 4.7%-39.7%), some of which showed wide variability in the number of central nuclei from field-to-field ( Figure 3 ). The mean percent of myofibers with central nuclei was 19.2% in patients with missense mutations (range 6.5%-39.7%), and 11.1% in those with truncation/deletion mutations (range 4.7%-17.1%) (p<0.0001) ( Figure 3 ). There was no correlation with survival (mean 15.5% in survivors versus 13.8% in those who died; p=0.32). The mean percent of central nuclei increased with patient age (p=0.029), although the correlation was not very strong (r 2 = 0.34) and this increase was probably influenced by two patients who were biopsied at more advanced ages (171-1b, 205-1). The mean percentage of central nuclei increased, from 18.1% to 32.5%, in the interval between biopsies in the patient who was biopsied twice (Figure 3 ).
DISCUSSION
This study examined the relationship between histopathologic changes in muscle biopsies and clinical findings in a series of XLMTM patients with confirmed MTM1 mutations. These data are relevant as most of our knowledge of XLMTM pathology comes from studies that predate the identification of MTM1, and some of these studies also included patients with autosomal CNM (3, 5, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . We confirm that patients with missense mutations can have a relatively favorable clinical course, while those with truncations tend to have more severe disease (12, 13) and further show that MTM1 mutation type and patient outcome is correlated with mean myofiber size. The early clinical course in XLMTM patients is rather uniform, but in time a divergence occurs with survivors becoming independent of the ventilator, while those who remain ventilator-dependent often die in early childhood. This study indicates that differences in myofiber size could, at least in some patients, underlie part of this divergence in the early clinical course. Patients with larger myofibers tended to have better outcomes, often had missense mutations, and frequently, were able to respire on their own. In contrast, patients who died, tended to have smaller myofibers, often had truncation/deletion mutations and were frequently ventilator-dependent.
Two patients (765-1, 171-1a) with favorable outcomes had mean myofiber sizes that were larger than controls (31, 32) . Although, since this is a retrospective study, we can not conclusively rule out that some or even all of this size variation may be due to variation in processing techniques, we feel it is unlikely since both of these, and all the control biopsies, were prepared in the same neuropathology laboratory at Children's Hospital Boston using identical protocols. Even though myofiber size correlated with clinical course in the three unrelated R69C patients, other patients with comparable mean myofiber sizes had dramatically different outcomes. Therefore, caution is warranted in regard to applying myofiber size as a means of predicting an individual's outcome and it is unlikely that myofiber size could be utilized as an independent prognostic indicator on a case-by-case basis. The size of our cohort is clearly a limitation of this study. XLMTM is a rare disease so designing sufficiently powered studies that could account for other differences among patients that could potentially impact biopsy findings, such as prematurity, clinical management, or other genetic factors, is difficult. As the presence of small myofibers is not specific to XLMTM, it would be interesting to see if similar studies of other myopathies also detect a correlation between fiber size and outcome.
These data and studies in the Mtm1 knockout mouse (33) support the idea that a component of the pathogenesis of XLMTM may be due to an inability to attain or maintain proper myofiber size. Regression analysis failed to show the expected age-dependent increase in myofiber size as seen in normal growth (31, 32) , and, in fact, the patient who was biopsied twice had an overall decrease in mean myofiber size in the interval between biopsies. XLMTM patients with missense mutations had fiber sizes that were comparable to that of controls, or even larger in some cases, possibly due to residual myotubularin activity in these patients (34) . Truncating and deletion mutations are more severe MTM1 alterations that likely impair the synthesis of functional myotubularin, and this may account for the smaller fiber sizes in these patients. How myotubularin operates in maintaining myofiber size is unknown, but these observations suggest that a role in growth factor signaling and/or response is a possibility.
The proportion of myofibers with central nuclei reported here is consistent with previous studies (17, 18, 20, 25) and it appeared to increase with age, as previously observed in XLMTM patients (25) and in the Mtm1 knockout mouse (33) . Since increases in the proportion of centrally nucleated myofibers is a nonspecific finding that can vary by MTM1 mutation type, muscle type (20) , patient age (25) , and from microscopic field-to-field (20) , designating a particular threshold of central nuclei as diagnostic of XLMTM (or other CNM) is not advisable, especially in light of a recently reported patient with a documented MTM1 mutation with no increase in central nuclei on biopsy (35) .
Pathologically, XLMTM is characterized by small myofibers, the misplacement of organelles, and fiber type alterations. Although we found a relationship between myofiber size and disease severity, which correlated with MTM1 mutation type, it is clear that other environmental and/ or genetic factors must also play a role in affecting clinical outcome. Larger myofiber size was associated with a better outcome in this study, and although these data can not by nature, show causality, this finding merits further investigation, and suggests that the consideration of therapeutic interventions aimed at increasing myofiber size may be warranted (36) . (A) H&E stained frozen section of the quadriceps biopsy performed at 6 days of age from patient 447-1, who has an MTM1 mutation that truncates myotubularin shows scattered centrally nucleated hypotrophic myofibers with the characteristic appearance of myotubes (arrowhead). Note the presence of many extremely small myofibers (arrows). (B) H&E stained frozen sections from patient 171-1a with R69C missense mutation and had a quadriceps biopsy at 8 days. Note that there are no extremely small myofibers like those depicted in A. (C) The contralateral quadriceps was biopsied in patient 171-1b at 3.3 years and it shows a population of considerably larger fibers. (D) Electron micrographs show small rounded myofibers with central nuclei and glycogen, which was qualitatively similar whether a patient had an MTM1 missense mutation or truncation/deletion mutation. Note the redundant basal lamina suggestive of atrophy (arrowhead). The bar is 20 μm in A, B and C and 2 μm in D. (A) Histogram of morphometry data from patient 462-1, shows a shift toward smaller sized fibers with a mean myofiber size of 6.1±1.8 μm. (B) Histogram from patient 171-1 comparing morphometry data from quadriceps biopsies taken at 8 days of age (black) and at 3.3 years of age (grey). There is an overall decrease in mean myofiber size, from 14.9±3.8 μm to 12.0±6.1 μm, in the interval between biopsies (p<0.0001). Both biopsies contain some large myofibers, but this population is far more prevalent in the second biopsy. Solid line indicates average frequency distribution for a 12 day old normal control biopsy. 
